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ABSTRACT 

Impact of Different Cleaning Methods on Biofilm Removal in Membrane Distillation 

Najat Amin 

Membrane distillation (MD) is an emerging thermal separation technology which 

proved its efficiency in desalination of highly saline waters, including seawater, brines 

and impaired process waters. In a long-term prospective, MD can reinforce sustainability 

of the clean water production and mitigate the water-energy stress caused by lacking 

suitable freshwater recourses. However, just like in any other membrane separation 

process, MD membrane is susceptible to biofouling which presents a significant 

challenge by substantially reducing its performance and deteriorating permeate quality. 

This study evaluated different cleaning methods aimed at controlling biofilm 

development on a surface of hydrophobic MD membrane in a direct contact MD 

(DCMD) process fed by the Red Sea water. This was achieved by applying physical 

(hydraulic) cleaning and chemical cleanings with a range of chemicals utilized in 

membrane separation processes including citric acid (mineral acid), 

ethylenediaminetetraacetic acid (EDTA, metal-chelating agent) and sodium hypochlorite 

(NaOCl, oxidant). Flux recovery and changes in biofilm morphology, including its 

thickness and structure as well as microbial and extracellular polymeric substances (EPS) 

contents before and after cleanings have been analyzed to elucidate cleaning mechanisms 

and suggest effective strategies of biofilm removal. The results showed that 0.3% EDTA 

exhibited the best cleaning performance resulting in the highest permeate flux recovery 

(93%), followed by 0.3% NaOCl (89%), 3% citric acid (76%), and hydraulic (66%) 

cleanings. Application of EDTA and NaOCl has also resulted in the lowest number of 
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bacterial cells and substantial reduction of the peak intensities caused by protein-like 

compounds and tyrosine-containing proteins present on the membrane surface after its 

treamtent. The observed trends are in a good correlation with the optical coherence 

tomography (OCT) observations which revealed substation changes in biofilm 

morphology leading to a significant reduction of biofilm thickness which followed the 

order of hydraulic cleaning < citric acid cleaning < NaOCl cleaning < EDTA cleaning. 

This study suggests that selection of an appropriate cleaning type and formulation is 

critical for achieving sustainable MD plant operations, both technically and 

economically.  
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Chapter 1  

1.1 Introduction 

Life significantly depends on water, which is one of the essential sustainable 

resources. Water covers around 70% of the Earth's surface (Gleick, 1993; Sultana, 2018), 

out of which 97.5% is seawater and brackish water while only 2.5% belongs to a 

freshwater (Gleick, 1993) (Figure 1, reprint from The Distribution of Water on, in, and 

above the Earth, 2019). This inadequate amount of freshwater is used for various needs, 

including municipal, domestic, agriculture and industrial purposes (Alfaifi et al., 2021). 

Also, two-thirds of the freshwater is locked up in glaciers and icecaps is unavailable for 

human use (Khawaji et al., 2008).  

 

Figure 1. Earth's water distribution (U.S. Geological Survey, 2019) 

 
Due to the lack of freshwater, it is challenging to simultaneously support both 

ecosystem human water needs (Bond et al., 2019). According to the United Nations 

World Water Development Report (2020), over 1.6 billion people worldwide face water 

scarcity, and over four billion suffer from severe water scarcity for at least a month per 

year. Water demands are expected to increase as the world's population increases leading 
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to about two-thirds of the global population facing water scarcity by 2025, and yet, more 

than half of the world’s population will live in water-stressed regions by 2050 (Burek et 

al., 2016; Shatat and Riffat, 2014; Mekonnen and Hoekstra, 2016). Water scarcity is a 

crucial issue in many parts of the world, particularly in the arid regions such as Middle 

East, which is globally classified as one of the most severe water stressed areas due to the 

shortage of natural freshwater resources (Chitsaz and Azarnivand, 2016). The Kingdom 

of Saudi Arabia is considered one of the largest arid countries in the region. Although the 

Kingdom is characterized by limited freshwater resources, rainfall scarcity, and high 

evaporation rates, its water demand increases annually at a rate of over 3% (Al-Zubari, 

2017; Alnajdi et al., 2020; Caldera et al., 2018). As a solution, Saudi Arabia profoundly 

relies on seawater desalination to provide freshwater for residential communities and 

industrial sectors of the country, which makes the Kingdom the largest producer of 

desalinated water globally (Gleick et al., 2009), according to Saline Water Conversion 

Corporation (2019) as seen in Figure 2.  

 

Figure 2. Water desalination worldwide where Saudi Arabia is the largest producer of 
desalinated water in the world (Saline Water Conversion Corporation, 2019) 
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Desalination is a critical fundamental process for combating global water stress 

(Alnajdi et al., 2020; Caldera et al., 2018). Desalination uses special techniques that 

eliminate dissolved salts and other feed water constituents from saline water sources, 

such as seawater and brackish water, to produce deionized freshwater (Abimbola et al., 

2021). The major types of technologies used for desalination can be broadly categorized 

into thermal and membrane processes as well as the emerging desalination processes. 

Multi-effect desalination (MED) and multistage flashing (MSF) are examples of the 

thermal distillation technologies, whereas reverse osmosis (RO), electrodialysis (ED), 

reverse electrodialysis (RED) and nanofiltration (NF) are examples of membrane-based 

technologies (Darre and Toor, 2018; Elsaid et al., 2020; Eyvaz and Yüksel, 2018; 

Moreno et al., 2017). Another type of desalination technology is membrane desalination 

(MD), an emerging desalination technology that utilizes a combination of thermal and 

membrane technologies, capable of treating high salinity feed waters via separating water 

vapor from a liquid saline by its passage through the pores of hydrophobic membranes 

(Abimbola et al., 2021; Lu and Chung, 2019; Schorr, 2011).  

 Although enhancing membrane performance in terms of salt rejection and 

permeability have been remarkably achieved in desalination (Zhao et al., 2017), 

membrane fouling is still an inevitable challenge of a reliable membrane performance 

(Goh et al., 2018). Membrane fouling has substantial negative impacts on the 

sustainability of desalination plants. Membrane fouling is a complex phenomenon which 

includes accumulation, adsorption, or precipitation of feed water matrix constituents. 

Membrane fouling can be classified into colloidal, inorganic scaling, organic and 

biofouling (Antony et al., 2011; Aoustin et al., 2001; Belfort et al., 1994; Goh et al., 
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2018; Matin et al., 2011)). The fouling phenomenon causes severe flux decline, frequent 

membrane replacement and cleaning, high energy consumption, and eventually higher 

operating costs (Goh et al., 2018; Saqib and Aljundi, 2016). While alleviation of 

membrane biofouling in RO process has been widely studied, the cleaning and 

controlling biofilm growth in MD has been rarely evaluated. Although MD process is an 

ideal candidate for treating highly saline solutions due to its unique separation 

mechanism, the MD membrane is susceptible to biofouling like any other membrane 

type. 

1.2 Research Objectives  

The objective of this study was to explore different cleaning strategies aimed at 

controlling and mitigating biofilm development on a surface of hydrophobic MD 

membrane during direct contact MD (DCMD) process. This was achieved by applying an 

array of cleaning formulations and testing their efficiency in biofilm removal with respect 

to various process parameters, including vapor flux and permeate quality. The changes in 

biofilm morphology and composition, including its thickness, structure, microbial and 

EPS contents before and after cleaning, have been analyzed. 

1.3 Thesis Outline 

This thesis includes five chapters as follows:  

 Chapter one provides an introduction to the thesis and description of desalination 

technologies including the main challenges and knowledge gaps followed by 

research objective of this thesis. 

 Chapter two contains a brief literature review of MD configurations, fouling of 

MD membranes and cleaning strategies. 
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 Chapter three illustrates techniques and methods used in this study along with the 

description of the experimental setup and design of the membrane module. This 

chapter also describes the biofilm growth procedure, cleaning experiments, and 

the biofilm characterization techniques. 

 Chapter four presents and discuss experimental results. 

 Finally, chapter five presents the conclusions extracted from the current research 

work and recommendations for future investigations. 
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Chapter 2: Background and Literature Review 

2.1 MD 

MD is one of the emerging membrane separation processes, which was patented 

by Bruce Bodell in 1963 (Lawson and Lloyd, 2016; Lu and Chung, 2019). MD 

technology can be used for desalting various impaired waters, such as saline water and 

wastewater, which can assist the sustainability of potable water production and mitigate 

the water-energy stress (Gude, 2018). MD is a hybrid thermal-membrane process driven 

by the vapor pressure difference induced by the temperature gradient at a liquid/vapor 

interface. In this separation process one side of the membrane is a hot feed with high 

salinity, and the other side is a cold permeate. The temperature gradient drives vapor 

molecules to pass through a porous hydrophobic membrane while retaining the liquid and 

non-volatile solutes on the feed side. After pure water is condensed, water is collected at 

the permeate side of the membrane as a distillate (Duong et al., 2020; Ravi et al., 2020), 

as shown in Figure 3. 

 

 

Figure 3. Schematic diagram of membrane distillation (Service and R&D of Innovative 
Water Technology Website, 2018). 
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The most noticeable advantages of MD, which render it as an ideal technology for 

strategic water treatment applications, are the compatibility of MD with highly 

concentrated saline water and low-grade heat sources (Duong et al., 2020; Tijing et al., 

2015). Unlike other thermal-based processes, the MD process requires mild feed water 

operating temperature range (40˚C - 80°C), which can be viably generated by solar 

radiation and waste heat from co-generation power plants that could significantly reduce 

operational cost of the entire MD desalination process. Moreover, when comparing MD 

with other conventional membrane processes, such as RO, it can be inferred that MD is 

less sensitive to membrane fouling, feed water composition (e.g., pH) and operates at 

atmospheric pressure (Ameen et al., 2020; Duong et al., 2020; Tijing et al., 2015). High 

rejection of non-volatile species and inorganic ions to produce ultrapure water is also 

considered a significant advantage of MD process (Xu et al., 2016). Although MD 

membrane is applied in a wide variety of applications such as chemical, food, and 

pharmaceutical industries, water desalination and wastewater treatments are the main 

applications that use MD technology (Ameen et al., 2020; Tijing et al., 2015). 

2.2 MD configurations  

MD system is classified into four configurations based on the differences of the 

how the vapor is condensed at permeate side: (a) direct contact membrane distillation 

(DCMD), (b) air gap membrane distillation (AGMD), (c) sweeping gas membrane 

distillation (SGMD), and (d) vacuum membrane distillation (VMD) (Khayet and 

Matsuura, 2011; Xu et al., 2016). Among these configurations, DCMD has received 

considerable attention due to its simplicity and straightforward design.  
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2.2.1 DCMD 

DCMD is the most commonly applied and studied MD configuration, where the 

feed and permeate solutions are in direct contact with the membrane (Alkhudhiri and 

Hilal, 2018; Saji et al., 2020). The vapor from the hot feed solution passes through the 

membrane's pores to the permeate side and then condenses into the coolant stream which 

circulates on the permeate site (Figure 4a). Since membrane is hydrophobic, only volatile 

molecules (i.e., gas phase) could pass through it pores (Essalhi and Khayet, 2015; Khayet 

and Matsuura, 2011; Saji et al., 2020). DCMD is widely applied in desalination 

processes, wastewater treatment, and in industry for produced water concentrating 

(Alkhudhiri and Hilal, 2018). However, as the membrane is the only barrier between the 

two solutions causing continuous contact between the hot and the cold streams, a 

significant amount of heat is dissipated compared to other MD configurations making 

DCMD a low-energy efficiency system (Lu and Chung, 2019; Pangarkaret al., 2016). 

2.2.2 AGMD 

AGMD is one of the common MD configurations. In the AGMD, the evaporated 

volatile molecules cross both the membrane pores and the stagnant air gap which is 

imposed between the membrane and a condensation plate on the permeate side. The 

vapor molecules hit condensation plate and condense inside the membrane module 

(Figure 4b). Therefore, in the AGMD configuration, only feed solution is directly in 

contact with the membrane (Liu et al., 1998; Noamani et al., 2020). The stagnant air gap 

provides a primary advantage of AGMD compared to other MD configurations in 

reducing the heat loss by conduction through the membrane. In addition, it would be 

simple to detect feed leakage or membrane wetting that occurs inside the module by 
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monitoring changes in permeate conductivity compared to DCMD configuration (Xu et 

al., 2016). AGMD could potentially be used in seawater desalination due its ability to 

remove volatile organic compounds (VOCs') from aqueous solutions. As a result, high 

quality clean water is produced (Saji et al., 2020). The additional mass transfer resistance, 

however, is considered as a drawback of the AGMD system. This resistance is created by 

the stagnant air layer thereby reducing permeate flux (Boutikos et al., 2017). 

2.2.3 SGMD 

SGMD is the least studied MD configuration. In SGMD, a cold inert gas such as 

nitrogen or air act as a carrier for the water vapor molecules which are passed from 

membrane's permeate side to an external condenser (Figure 4c) (Ahmed et al., 2020; Said 

et al., 2020). Comparing with the AGMD, sweep gas in the SGMD configuration reduces 

the mass transfer resistance. SGMD is particularly suitable for removing VOCs from 

aqueous solutions and is mainly used for high-quality distillate production as the wetting 

process is significantly alleviated (Said et al., 2020; Saji et al., 2020). Nonetheless, this 

configuration's main drawback is its complexity due to requirement of the additional 

equipment such as an external condensation system, sweeping gas source, and gas 

circulator (Lu and Chung, 2019).  

2.2.4 VMD 

A vacuum pump is utilized in VMD configuration at the permeate side of the 

membrane module to allow the water vapor from the feed solution to pass through the 

membrane and to a condenser outside of the module (Figure 4d) (Ahmed et al., 2020; 

Chang et al., 2020). In this process, the separation of vapor molecules from the feed 

solutions is carried out by vacuum pressure, which must be lower than the saturation 
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pressure of volatile molecules. The notable feature of this configuration is that the heat 

lost by conduction is negligible (Belessiotis et al., 2016; Chang et al., 2020). 

Conccurently, VMD experiences a high risk of membrane pore wetting, causing a 

reduction in water production quality over time.  

 

 

Figure 4. Schematic diagram of membrane distillation configurations (a) DCMD, (b) 
AGMD, (c) VMD and (d) SGMD (Duong et al., 2017). 

2.3 MD fouling  

Although lower operating temperature and pressure, higher energy efficiency, 

theoretical 100% rejection of non-volatile solutes are the main advantages of the MD 

process, membrane fouling remains a significant problem and challenge for the MD 

system (Jiang et al., 2020; Tijing et al., 2015; Saji et al., 2020). Fouling is the 

accumulation of undesirable materials on the membrane surface or inside its pores (Gul et 

al., 2021). This accumulation decreased salt rejection and permeate flux which 

ba(a)

(c)

(b)

(d)



20 
 

 
 

deteriorates process performance, reduces membrane life-span, and elevates operating 

costs (Tijing et al., 2015; Gul et al., 2021). Moreover, a fouling layer formation 

negatively affects temperature distribution across the membrane thereby inducing 

temperature polarization (Martı́nez-Dı́ez and Vázquez-González, 1999; Tijing et al., 

2015) as shown in Figure 5. The phenomenon of temperature polarization occurs when 

the temperatures in the bulk feed and coolant solutions differ from the temperatures at the 

membrane surfaces where the vapor-liquid transition occurs. This phenomenon leads to a 

critical loss of the driving force for water vapor transport across the membrane and 

consequently, permeate flux drop (Martı́nez-Dı́ez and Vázquez-González, 1999; Saji et 

al., 2020; Tijing et al., 2015).  

 

 
 

Figure 5. The effect of fouling on the temperature of MD membrane (Karam and Laleg-
Kirati, 2019) 
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Four significant factors influence the fouling formation process on the membrane 

surface and inside its pores (Figure 6), including (i) feed water characteristics (pH, 

salinity, organic/inorganic load) (Kujawa et al., 2019); (ii) foulant characteristics 

(solubility, charge and molecular size) (Tang et al., 2011); (iii) membrane properties 

(surface charge and roughness, hydrophilicity/hydrophobicity and pore size) (Gul et al., 

2021); (iv) operational conditions (temperature and cross-flow velocity) (France et al., 

2021; Jepsen et al., 2018 ). It is therefore necessary to understand each factor to develop 

different cleaning methods to alleviate and mitigate membrane fouling. 

 

 

Figure 6. Four different factors affecting membrane fouling (Lee et al., 2015). 

 
The fouling formation in MD leads to the deposition of dissolved substances on 

the membrane surface or inside its pores causing partial or complete pore blocking 

(Tijing et al., 2015). This fouling can be broadly classified into three prominent groups: 

inorganic, organic, and biological fouling (Figure 7) (Bogler et al., 2017; Choudhury et 
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al., 2019; Saji et al., 2020). The presence or accumulation of one or more types of these 

components on or within the membrane surface will negatively affect permeate flux and 

permeate quality. Several studies have focused on investigating membrane fouling that 

caused by the organic matter (Bazin et al., 2018), colloidal material (Dickhout et al., 

2017), oil (Huang et al., 2018) and proteins (Sioutopoulos et al., 2019). 

 

 
 

Figure 7.The mechanisms of different fouling process in MD membrane (Choudhury et 
al., 2019). 

2.3.1. Inorganic fouling    

This kind of fouling mainly refers to scaling, which is the deposition of inorganic 

colloidal particles, such as silt, silica, and corrosion products, or precipitation of hardness 

scales such as calcium, magnesium, sulfate, carbonate, and phosphorus on the membrane 

surface (Antony et al., 2011; Choudhury et al., 2019; Touati et al., 2020). Calcium 

carbonate, calcium phosphate, calcium sulfate, and silicate are the most common scales 

in the MD system. Also, magnesium chloride, magnesium sulfate, barium sulfate, and 
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ferric oxide are other potential scale foulants (Tijing et al., 2015). Inorganic fouling 

occurs on the membrane surface as a result of precipitation and crystallization processes 

due to water evaporation and temperature changes (Choudhury et al., 2019). Scaling is 

considered one of the significant challenges of MD desalination systems. 

2.3.2 Organic fouling  

Because of specific interactions with hydrophobic constituents in the feed 

solution, hydrophobic MD membranes are especially susceptible to organic fouling 

(Bogler et al., 2017). This phenomenon is mainly associated with the 

adsorption/deposition of dissolved and colloidal organic materials on the membrane 

surface, including humic substances, proteins, polysaccharides, fulvic acid, polyacrylic 

polymers, and carboxylic acid (Choudhury et al., 2019; Hong and Elimelech, 1997; Saji 

et al., 2020). Different studies have indicated that organic fouling has been widely 

observed in MD systems which utilize feedwater reach in hydrophobic compounds (e.g., 

oil) (Wang et al., 2016; Zuo and Wang, 2013). The most common and complex matrix of 

organic substances produced in aquatic ecosystems, particularly in natural waters, is 

natural organic matter (NOM). NOM is a heterogeneous mixture of organic compounds, 

mainly humic substances (Gryta, 2018; Guo et al., 2012; Hong and Elimelech, 1997; 

Tijing et al., 2015). This adsorption or deposition of NOM causes permeate flux decline 

which deteriorates membrane performance (Bogler et al., 2017; Saji et al., 2020). The 

NOM plays an essential role in biofilm proliferation due to formation of conditioning 

film which enhances adhesion of organic foulants on the membrane surface. Thus, NOM 

facilitate the attachment of microorganisms by different interactions such as van der 

Waals, hydrophobic, and hydrogen bonding (Bar-Zeev et al., 2012; Bogler et al., 2017).  
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2.3.3 Biological fouling 

Biological fouling or biofouling refers to the adhesion of microorganisms, such as 

bacteria, fungi, and microalgae on the MD membrane which eventually form biofilms on 

the membrane surface (Chen et al., 2015; Goh et al., 2013). The formation of biofilm on 

the MD membrane is mainly affected by several factors, including feed concentration, 

membrane properties, and operating conditions (Ameen et al., 2020). As illustrated in 

Figure 8, biofilm formation are a complex multi-stages process that develop 

consecutively or simultaneously (Bar-Zeev et al., 2012; Bogler et al., 2017). In this 

process, initially, organic matter, such as proteins, lipids, and polysaccharides, are 

adsorbed on the surface of the membrane to form nanometer-thin conditioning film (Bar-

Zeev et al., 2015; Chen et al., 2021; Tijing et al., 2015; Ying Shi et al., 2020). The 

formation of conditioning film plays a vital role in attracting free-floating 

microorganisms in feed water and thus, facilitates the attachment of cells on conditioning 

film by van der Waals, hydrophobic, and hydrogen bonding interactions (Frølund et al., 

1996; Pichardo-Romero et al., 2020; Ying Shi et al., 2020). The interactions between the 

conditioning film and microorganisms can be reversible or irreversible, and significantly 

promote biofilm formation (Bar-Zeev et al., 2012; Bogler et al., 2017; Rosenberg and 

Kjelleberg, 1986). Over the time, microorganisms excrete extracellular polymeric 

substances (EPS) which are predominantly composed of proteins, polysaccharides, 

nucleic acids, and lipids. This EPS matrix promotes irreversible attachment between the 

microorganisms and surfaces (Anwar et al., 2020; Chen et al., 2021; Pichardo-Romero et 

al., 2002). With the growth of microorganisms and continuous secretion of EPS, mature 

biofilm structures are formed. In this stage, interstitial water channels that separate 
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biofilm structures, play an essential role in transporting oxygen and nutrients to microbial 

communities. A continuous source of the nutrients enables to promote formation of a 

mature biofilm. Eventually, single bacterial cells or fragments of the mature biofilm 

matrix are detached and could further be attached to a new spot on the membrane surface 

to form new colonies or remains in the feed water (Nazir et al., 2019; Rosenberg et al., 

2013). Although high temperature and high salt concentration in the feed water may limit 

biofilm formation in the MD process, widespread problems occur if thermophilic or 

halotolerant bacteria participate in the biofilm formation (Bhojani et al., 2018; Bogler et 

al., 2017; Jiang et al., 2020) leading to a significant blockage of membrane pores. The 

reduction of the diffusive transport of water to the liquid-vapor interface will in turn 

cause a significant flux decline (Bhojani et al., 2018). Also, the secretion of EPS with 

amphiphilic properties can induce membrane wetting leading to the contamination of 

permeates and thus limiting the performance and application of membrane processes 

(Chen et al., 2021; Krivorot et al., 2011). 

 

 

Figure 8.The multi-stages and timescales of biofilm formation on the membrane surface 
(Bogler et al., 2017). 

2.4 Cleaning Methods 
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As biofouling is the most significant issue encountered in membrane separation 

systems, membrane cleaning is necessary to dislodge and remove foulants from the 

membrane surface and to maintain steady MD performance (Gul et al., 2021). Several 

strategies have been projected to prevent the formation of biofilm on membrane surfaces. 

These strategies are based on physical cleaning methods that remove foulants from the 

membrane surface by backwashing or hydraulic cleaning at high cross-flow velocities, 

and chemical methods that are based on application of chemicals that break down 

chemical bonds between the biofilm and membrane surface (Jiang et al., 2017; Lin et al., 

2010; Tin et al., 2017). 

2.4.1. Physical cleaning  

Physical cleaning is one of the most common approaches to maintain stable 

performance of the membrane process (Gul et al., 2021; Kim et al., 2020; Lin et al., 

2010). This approach commonly removes fouling material which does not form chemical 

bounds with the membrane surface, such as deposited biosolids and cake layers without 

using chemical reagents (Meng et al., 2009; Wang et al., 2014; Wang et al., 2013). 

Although physical cleaning is not effective as chemical cleaning, it is less likely to cause 

membrane degradation/damage (Wang et al., 2014). Several physical cleaning methods 

have been investigated including hydraulic cleaning, relaxation, and air scouring 

(Shorrock and Bird, 1998; Verberk and Van Dijk, 2003) as well as the innovative 

methods such as ultrasonication and electrical shocking (Gul et al., 2021; Kerdi et al., 

2021). Among these approaches, hydraulic cleaning, such as applying higher crossflow 

velocity, is the most common and straightforward technique for mitigating fouling and 

has been chiefly employed to clean the fouled membrane surface in several studies (Kim 
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et al., 2020; Lee et al., 2018; Lotfi et al., 2018; Wang et al., 2014). Whereas the physical 

cleaning methods are not enough to remove biofouling, the chemical cleaning techniques 

have been successively used to control membrane biofouling.  

2.4.2. Chemical cleaning  

Chemical cleaning is usually applied after physical cleaning when process 

efficiency (e.g., permeate flux or transmembrane pressure) falls under certain arbitrary 

threshold value (Gul et al., 2021; Wang et al., 2014). Application of chemical cleaning 

agents improves removal of irreversible fouling formed by gluey organic materials and 

biofouling. These two types of fouling are synergistic, in which bacteria produce EPS 

that functions as a supportive and protective structure for bacteria during biofilm 

development (Jeong et al., 2013; Jiang et al., 2017). Selecting proper chemical agents is 

critical and significantly relies on feed water characteristics, type of membrane and 

fouling materials. Furthermore, the potential interactions between the fouled membranes 

and chemical agents include solubilization, hydrolysis, dispersion, peptization, and 

chelation. The cleaning chemicals may also change physicochemical properties of 

foulants such as hydrophobicity or charge (Lin et al., 2010; Norwood et al., 1980; Tin et 

al., 2017), thereby facilitating their detachment from the membrane surface. Acids, 

alkalis, surfactants, enzymes, chelating and oxidizing agents are commercially available 

chemicals that are used in membrane cleaning to combat different fouling types (Al-

Amoudi and Lovitt, 2007; Kim et al., 2018; Kim et al., 2020; Tijing et al., 2015).  

The inorganic acids including citric, sulfuric, nitric, and phosphoric acid, are 

mainly employed to remove scale-causing compounds and metal oxides precipitates by 

their dissolution (Kim et al., 2020; Lin et al., 2010). Some acids are also utilized in acidic 
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hydrolysis of macromolecules such as polysaccharides and proteins (Gul et al., 2021; 

Huang et al., 2018; Kim et al., 2018). However, addition of strong acids is accompanied 

by a significant pH decrease which may aversively affect membrane’s integrity. 

Therefore, weak acids, such as citric and oxalic acid, are often used for membrane 

cleaning (Porcelli and Judd, 2010). In MD process, acids are also utilized for cleaning, 

particularly those which combat CaCO3 scaling (Gryta, 2007). Shi, Tal, Hankins, & Gitis, 

(2014) suggested that some organic acids, such as citric acid, is a suitable buffer for 

maintaining pH during cleaning as it is much less corrosive. Citric acid can also be 

effective in removing metal cations that bridge foulant molecules due to its good 

chelating properties (Shi et al., 2014). Gryta (2001) has found that citric acid reduced 

fouling deposition and restored MD performance when it was used in cleaning MD 

membrane fouled by NOM. 

Metal chelating agents such as ethylenediamine tetra-acetic acid (EDTA) can 

remove membrane foulants by forming strong complexes with multivalent metal ions 

such as calcium (Ca2+) and magnesium (Mg2+) thereby breaking fouling-fouling 

interactions and interactions between the fouling layer and membrane surface (Huang et 

al., 2020; Li and Elimelech, 2004; Sohrabi et al., 2011). In addition, combinations of 

EDTA, sodium dodecyl sulphate (SDS), and Sodium hydroxide (NaOH) supply better 

cleaning efficiency compared to SDS with NaOH (Sohrabi et al., 2011; Yu et al., 2017).  

EDTA can significantly improve the cleaning efficiency by increasing solution pH, in 

which almost all the carboxylic groups of the EDTA molecule are deprotonated and 

available for Ca2+ and Mg2+ complexation (Ang et al., 2011; Li and Elimelech, 2004). 
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 Chemical oxidizers, such as sodium hypochlorite (NaOCl) aid in removing 

organic and biofouling (Ahmad et al., 2014; Hou et al., 2017). Their removal mechanism 

is based on oxidation and subsequent disintegration of microorganisms and biofilm 

organic thereby reducing the adhesion between the biofouling and membrane surface; the 

organic foulants can also be eliminated by converting their molecules into soluble smaller 

sizes organics containing ketone, aldehyde, and carboxylic groups (Kim et al., 2018; 

Norwood et al., 1980; Tin et al., 2017). Hou et al. (2017) has found that when NaOCI, 

SDS and NaOH were used to clean microfiltration (MF) membrane fouled with activated 

sludge and yeast suspension, NaOCl had the best cleaning performance with the highest 

percent of permeate flux restoration (83%) compared to SDS (62%) and NaOH (57%). 

When investigating the cleaning efficiency of four different cleaning agents (NaOH, 

NaOCl, HNO3 and citric acid) for the microalgae removal from the membrane surface, 

Ahmad et al. (Ahmad et al., 2014) reported that NaOCl exhibited the best cleaning 

performance with approximately 98% of permeate flux recovery.  
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Chapter 3: Materials and Methods  

3.1 Membrane characterizations 

A commercially available hydrophobic porous polytetrafluoroethylene (PTFE) membrane 

with a polypropylene (PP) support layer (Membrane Solutions, China) was used in all 

experiments. Some of the membrane characteristics are presented in Table 1. 

 
Table 1. Key properties of PTFE membranes from Membrane Solutions, China 

Membrane Properties 

Membrane material polytetrafluoroethylene (PTFE) 

Support material polypropylene (PP) 

Nominal pore size 0.22 μm 

Contact angle  140° ± 2° 

Active layer porosity 40 ± 5% 

Liquid entry pressure (LEP)  640 kPa 

 

 

3.2 DCMD setup and operating conditions  

A lab-scale direct contact membrane distillation (DCMD) system (schematically 

depicted in Figure 9) with an active membrane surface area of 9 cm2 (length × width: 6 

cm × 1.5 cm) was utilized in this study. In the DCMD module, two solutions (feed and 

permeate) at different temperatures were separated by a hydrophobic porous MD 

membrane. The feed solution was preheated to 55 ˚C and circulated through the feed side 

of the membrane while Milli-Q water at 20 ± 1 ˚C was circulated through the permeate 

side of the membrane simultaneously in a counter-current mode. The temperatures of 
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both sides were controlled using a chiller/heater (Model 600-F, Julabo) and circulated 

using digital gear pumps (Cole-Parmer, model: 75211-70) with a cross-flow rates of 500 

ml/min and 250 ml/min for the feed and permeate sides, respectively. During the 

experiment, the feed conductivity was checked at the beginning and end of each 

experiment by a conductivity meter (Cond 3210, WTW GmbH, Weilheim, Germany). 

Permeate conductivity was monitored every 24 hours during 3 days to monitor permeate 

water quality. The permeate flux was calculated from the permeate mass accumulation 

measured via the electric balance (Metter Toledo, Model ML 3002, Columbus, OH, 

USA) and logged automatically by the data acquisition software system (LabVIEW, 

National Instruments) every 10 min. The permeate flux (𝐽) (kg/m2h) was calculated 

according to the following equation:  

 

𝐽 =                                                                                                                                        

(1) 

 

where 𝑚  is the mass of collected permeate (kg), A is the active membrane area (𝑚 ) 

and 𝑡 is DCMD time (h).  

 

The duration of each biofouling experiment was three days. The optical coherence 

tomography (OCT) microscope was mounted over the feed side of DCMD module to 

investigate the biofilm development and removal before and after membrane cleanings. 

Two identical DCMD cells were operated in parallel simultaneously to ensure the data 

repeatability. 
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Figure 9. The schematic diagram of the lab-scale DCMD system 

3.3 Feed solution preparation  

The Red Sea water was employed in this study as a model feed water. A 20 g/ L 

of Bacto™ Yeast extract (extract of autolyzed yeast cells, Becton Dickinson and 

Company), acting as a nutrient compound for the seawater bacteria to activate their 

growth, was dissolved in 5 L of the Red Sea water and incubated at 30 °C for 24 h. After 

24h, the incubated feed water was further diluted with 15 L of a fresh Red Sea water to 

reach the final volume of 20 L. During the experiment, the feed water was continuously 

stirred at a constant rate of 250 rpm using a magnetic stirrer (IKA Overhead Stirrers, RW 

20 digital). A totally 20 L of feed solution was prepared for each set of biofilm 

experiments to assess different cleaning methods.  

3.4 Membrane cleaning procedures:  

Membrane biofouling and subsequent cleaning experimental protocol were 

conducted as following: biofouling development, membrane cleaning, and flux recovery 

measurement, as schematically shown in Figure 10. All cleaning procedures consisted of 
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a static cleaning time (1 hour) with a feed flow rate of 500 ml/min at a room temperature. 

After membrane cleaning, water vapor flux was measured using 15 g/L NaCl solution as 

a feed to verify the efficiency of the applied cleaning protocol. 

 

 

Figure 10. Experimental protocol for the biofouling/cleaning run. 

3.4.1 Hydraulic cleaning 

Hydraulic flushing, as a physical cleaning method, was conducted to clean 

biofouled membrane. Hydraulic cleaning was performed by flushing the feed channel 

with Milli-Q water at a high crossflow velocity (1200 ml/min) for 1 h at a room 

temperature. 

3.4.2 Chemical cleaning 

Three different chemical cleaning agents were adopted in this study based on the 

foulants, including: (a) 3% citric acid, as an acid cleaner, was utilized to target inorganic 

materials that can be part of the organic biofilm matrix; (b) 0.3% of EDTA, a chelating 

agent at pH 11 adjusted by 1M NaOH as an effective cleaning for organic fouling that 

play an essential role in promoting biofilm formation; and (c) 0.3% NaOCl, oxidizer, as 
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one of the effective cleaning solutions for organic fouling and biofouling removal. Each 

cleaning agent was prepared using Milli-Q water. 

3.5 Membrane biofilm characterization: 

3.5.1 OCT analysis  

Non-destructive in situ OCT imaging (Thorlabs Ganymede OCT System) was 

performed on the feed channel of the biofouled membrane surface to provide high-

resolution images of the foule and cleaned membrane surfaces. The advantage of OCT 

technique is that it provides real-time information about biofilm thickness and structure 

without a need to stop MD operation (Creber et al., 2010; Dreszer et al., 2014). The OCT 

scanning was daily performed at middle location on the membrane feed side before and 

after cleaning. The OCT images were recorded, and the biofilm thickness was determined 

by using Image J software (National Institute of Health, USA). 

3.5.2 EPS extraction 

EPS is significantly related to biofilm formation; thus, EPS is a key element 

helping to understand the biofilm phenotype (Di Martino 2018). As such, EPS was 

analyzed to assess the effectiveness of different cleaning methods on biofilm 

solubilisation and removal. In this study, the EPS was extracted following Liu and Fang 

(2002) method. The membrane coupons (length × width: 6 cm × 1.5 cm) were placed into 

a 50 ml centrifuge tube containing 10 mL of phosphate-buffered saline (PBS) solution, 

vortexed (Fisherbrand™ Analog Vortex Mixer) for 2 min followed by 5 min of 

sonication in an ultrasonic water bath (Bransonic®, 5510MTH, output 135W, 40 kHz). 

To maximize EPS yield and prevent cells’ lysis, 60 μl of formaldehyde (36.5%; Sigma-

Aldrich, MO, USA) was added to each tube and stored for 1 hour at 4°C in refrigerator 
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followed by incubation with 4 mL of 1M NaOH for 3 h at 4°C in refrigerator. The 

samples were then centrifuged for 20 min at 20,000 rpm (Sorvall™ Legend™ XT 

Centrifuge), the supernatants were decanted and filtered through a 0.22 μm filter and 

dialyzed in a 3500 Da dialysis membrane bag (Thermo Fisher Scientific, USA) for 24 h. 

The dialyzed samples were lyophilized for 48 h and resuspended in 10 mL of Milli-Q 

water. Lastly, to identify the dominant organic matter in the extracted EPS, fluorescence 

excitation-emission matrix (FEEM) was measured for each sample by using a 

Fluoromax-4 spectrofluorometer (Horiba Scientific, Japan) under excitation of 240 nm to 

400 nm and emission of 290 nm to 500 nm at a response time of 2 s, a speed of 1500 

nm/min and applied voltage of 700 V (Baghoth et al., 2011; Farhat et al., 2019; Sanawar 

et al., 2018).  

3.5.3 Flow cytometry (FCM) analysis  

Bacterial abundance of the feed and permeate waters was monitored by 

enumerating the total number of the cells and live/dead cells every 24 h of DCMD. The 

bacterial abundance of biofilm was also analyzed at the end of each experiment after 

bacterial cells were extracted from the membrane’s selective layer (i.e. layer that faced 

feed water). Following this, each sample was stained with SYBR Green I (SG) (10000 x 

conc., Invitrogen, USA) and propidium iodide (PI) (1.0 mg/ml, Invitrogen, USA). This 

staining can discriminate bacteria with disrupted cell membranes (stained by PI) versus 

cells with the intact membranes (stained by SG) (Berney et al., 2007). A working solution 

of 1 μl of SG in 99 μl of 10 mM Tris buffer at pH 8 (solution SG) and 62.3 μl PI in 37.7 

μl of 10 mM Tris buffer at pH 8 (solution PI) were used to stain the bacterial cells. For 

the intact cells, 7 μl of SG working solution was mixed with 3 μl of PI working solution 
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(solution SG+PI). For the total cells count, 7 μl of SG was added to 693 μl of sample, 

while for intact cell count, 10 μl of SG+PI was added to 690 μL sample. The final 

concentrations of the stains in the samples were 1x for SG and 4 μM for PI. After that, 

the samples were incubated in the dark for 10 min at 37 °C and measured using an Accuri 

C6 Plus FCM (BD Biosciences, USA). 

3.5.4. Conductivity measurements 

The changes in permeate conductivity were also assessed to monitor if membrane 

biofouling or subsequent cleaning will impose any adverse effect on its quality and 

microbiological safety. The samples from the permeate tank were taken every 24 h by 

utilizing a 3310 WTW portable conductivity meter. 
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Chapter 4: Results and Discussion 

4.1 The effect of biofilm development on the permeate flux and quality over DCMD 

time 

The biofouling experiments were conducted with 20 L of the Red Sea water 

incubated with 20 g of Bacto™ Yeast Extract for 24 hrs as described in Section 3.3. The 

permeate flux decline as a function of DCMD time (3 days or 72 h) at the feed water 

temperatures of 55 °C and 67 °C is shown in Figure 11. As seen in Figure 1, a 

significantly higher permeate flux was observed at a feed water temperature of 67 ˚C as 

compared to that measured at 55 ˚C. A comparison of permeate flux curves revealed 

significantly different permeate flux decline patterns.  At 67 ˚C, a steep reduction in 

permeate flux was observed during first 9 h of biofilm development (from 53.1±0.8 

kg/m2h to 23.7±0.4 kg/m2h), followed by its gradual decline until permeate flux reached 

9.1±0.4 kg/m2h at the end of 72 h of DCMD (total decline of 82%). On the contrarily, at 

55 °C, the permeate flux gradually declined over the entire DCMD time and reached 

8.8±0.1 kg/m2h at the end of DCMD time (total decline of 71%). Interestingly, permeate 

fluxes at both tested feed water temperatures reached similar values upon completion of 

DCMD process. Given comparable final permeate fluxes and that DCMD experiment 

conducted at 55 ˚C would require less energy compared to that of 67˚C, the feed 

temperature of 55˚C was selected in this study in order to assess different membrane 

cleaning methods.  
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Figure 11. Changes in permeate flux during 72 h of biofouling experiment at feed 
temperatures of 67 °C and 55 °C. The coolant temperature was 20 °C. The feed and 
coolant flow rates were 500 mL/min and 250 mL/min, respectively. 

 

 
Figure 12 shows changes in the total number of cells and live/dead cells in the 

feed solution as a function of DCMD time as measured by FCM. The FCM is an effective 

and powerful methodology for assessing and monitoring bacterial cell concentration in 

different water samples using fluorescent stains (Van Nevel et al., 2017). The initial 

bacterial concentration of the feed water was ∼ 1.71 x 108 cells/mL, with the live cells 

significantly predominated the dead cells. As DCMD progressed, the total number of 

cells continued to increase and reached a stationary phase with ∼ 3.79 x 108 cells/mL 

after 48 h of DCMD. Generally, in stationary phase, the growth rate of bacteria slows 

down due to nutrients depletion required for bacteria vital functions and the accumulation 

of toxic waste products (Vonsha 1985; Kenney et al., 2018). As a result, after 72 h, the 

total number of cells and the number of live cells decreased while the number of dead 
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bacteria increased significantly and became the same order of magnitude as compared to 

that of the number of live cells. 

 

 

Figure 12. Bacterial cell count in the feed during 72 h of DCMD biofouling experiments. 
The feed and coolant temperatures were 55 °C and 20 °C, respectively. The feed and 
coolant flow rates were 500 mL/min and 250 mL/min, respectively. 

4.2 Permeate quality 

Permeate conductivity was monitored during DCMD course in order to explore 

the effect of biofilm development on permeate quality and membrane fouling. As shown 

in Figure 13a, permeate conductivity increased with DCMD time from 1.3 S/cm at the 

beginning of DCMD (corresponding to Milli-Q water conductivity) to 34.8 S/cm after 

72 h of DCMD. Although the final permeate conductivity was still below the typical 

permeate conductivities observed in seawater reverse osmosis (Baatiyyah, 2018), its 

steady increase over the DCMD time is likely an indication of early wetting development. 

The pore wetting imposes an adverse effect on MD performance by reducing membrane’s 

hydrophobicity and inducing salt transport across the membrane (Krivorotet et al., 2011; 
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Chew et al., 2017). It can be inferred that biofilm growth and proliferation negatively 

impacts permeate quality by deposition and aggregation of the feed water constituents 

onto polymeric material thereby membrane’s selective properties would be significantly 

compromised allowing to feedwater to pass through the membrane. 

As it is also shown in Figure 13b, the changes in the total number of bacterial 

cells and live/dead cells in the permeate water were measured by FCM every 24 h in each 

MD biofouling experiment. As DCMD progressed, the total bacterial cell concentration 

continued to increase and reached ∼ 1.05 x 105 cells/mL after 48 h, with the live cells 

substantially predominated the dead cells. After 72 h, the total number of bacterial cells 

was still increased while the number of live cells gradually decreased from ∼ 7.01 x 104 

cells/mL to ∼ 6.25 x 104 cells/mL, and became the same order of magnitude as compared 

to the number of dead cells that increased from ∼ 1.79 x 104 cells/mL to ∼ 4.23 x 104 

cells/mL over the DCMD course. These results suggest that the biofilm formation on the 

membrane surface facilitated passage of dissolved contaminants and bacterial cells 

through the membrane into the distillate due to the pore wetting that reduced the 

membrane’s hydrophobicity (Bogler and Bar-Zeev 2018; Guillen-Burrieza et al., 2018). 

A similar result was observed by (Bogler and Bar-Zeev 2018) who studied effect of 

feedwater temperature on biofilm development in presence of Anoxybacillus sp. The 

authors detected Anoxybacillus sp. cells in permeate water from the MD experiment. This 

phenomenon was attributed to comparability of bacterial and endospores aspect ratio with 

the membrane nominal pore size (0.45 m) which allowed their passage across the pores 

due to wetting. Given high biodiversity of Red Sea water, it is highly likely that some 

bacteria and microorganisms present in the feed, would penetrate membrane thereby 
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causing permeate contamination. As such, the biosafety of produced permeate water 

should also be carefully weighted as it may contain some undesirable microorganisms 

which result from membrane pore wetting. 

 

 

Figure 13. Permeate conductivity (a) and flow cytometry (FCM) (b) during the 72 h of 
the DCMD operation. The feed and coolant temperatures were 55 °C and 20 °C, 
respectively. The feed and coolant flow rates were 500 mL/min and 250 mL/min, 
respectively. 

4.3 The efficiency of different cleaning strategies on DCMD permeate flux recovery  

Changes in permeate flux before and after membrane cleaning is considered as the 

most common method of assessing membrane cleaning efficiency, allowing for a direct 

evaluation of the biofouling removal process (Al-Amoudi and Lovitt, 2007; Song et al., 

2004; Kim and Fane, 1995). As such, permeate flux recoveries were estimated by 

comparing initial and post-cleaning permeate fluxes after applying physical cleaning in 

form of hydraulic flushing with Milli-Q water at high cross-flow velocity of 2,500 

ml/min (i.e., 10 times higher than the cross-flow velocity during biofouling DCMD 



42 
 

 
 

experiments) and a range of chemical cleanings with different cleaning agents in order to 

evaluate the efficiency of cleaning strategies on the biofilm removal.  

The results of these experiments are shown in Figure 14. The results showed that 

hydraulic cleaning was ineffective in recovering permeate flux because the recovery 

efficiency was lower (66%) than those observed with chemical cleaning. The low 

efficiency of this cleaning method may refer to the irreversible fouling that formed by 

gluey organic materials and biofouling on the surface of MD membrane. Considering 

hydraulic cleaning had minimal efficiency in removing biofouling, several chemical 

cleaning agents were used to improve the biofouling removal. 

 

 

Figure 14. The efficiency of different cleaning methods on the permeate flux recovery. 
The blue color represents the hydraulic cleaning, the yellow, red, and green represent the 
chemical cleanings (citric acid, NaOCl, and EDTA, respectively). The feed and coolant 
flow rates were 500 mL/min and 250 mL/min, respectively. 

Three chemical cleaning agents (3% citric acid, 0.3% NaOCl and 0.3% EDTA) 

were evaluated in this study for their efficiency in mitigating biofilm development on a 

surface of hydrophobic MD membrane during DCMD process. The permeate flux 
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recoveries shown in Figure 14 demonstrated that membrane cleaning efficiency was 

strongly determined by a type of a cleaning agent. Among three tested cleaning 

formulations, 0.3% EDTA exhibited the best cleaning performance resulting in the 

highest permeate flux recovery (93%), followed by NaOCl (89%) and citric acid (76%), 

which was the weakest chemical cleaning as anticipated due to the nature of the feed 

solution that contains organic and biological matters, such as protein, lipids and 

polysaccharides in addition to inorganic material. 

Citric acid was chosen in this study since it targets inorganic substances and 

affects biofilm formation by removing biofilm-specific minerals and enzymes 

(Vanysacker et al., 2014; Liikanen et al., 2002). Its low efficiency may be attributed to 

the complex EPS matrix characteristics resulting in irreversible attachment of 

microorganisms present in seawater to membrane surface. Thus, the penetration of the 

citric acid agent inside the biofilm is hampered due to the microbial cell density and 

diversity (Vanysacker et al., 2014). 

On the contrarily, NaOCl and EDTA solutions showed a higher cleaning 

efficiency compared to citric acid (Figure 14). Our results indicated that the NaOCl 

solution exhibited an excellent cleaning effect by removing organic and biological 

foulants through their oxidation (Ahmad et al., 2014; Hou et al., 2017; Liang et al., 2008). 

As a strong oxidant, NaOCl oxidizes the large molecules of organic foulants to smaller 

and more hydrophilic organic molecules containing carboxylic, ketone and aldehyde 

groups which would reduce their adhesion to membrane surface as reported in previous 

studies (Bagheri and Mirbagheri, 2018; Liu et al., 2001; Nguyen and Roddick, 2011; 

Wang et al., 2014). Furthermore, it can also effectively disintegrate the microbe flocs into 
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soluble organic materials and fine particles resulting in biofouling removal from the 

membrane surface (Wang et al., 2014).  

On the other hand, the metal-chelating agent (EDTA) at pH 11 showed the best 

cleaning efficiency among the three tested formulations providing the highest permeate 

flux recovery (Figure 14). This high performance is attributed to the ability of EDTA to 

destruct the intermolecular bridges between the molecules of organic foulants 

(polysaccharides, proteins, or humic matter), as well as between the organic foulants and 

the membrane surface (Huang et al., 2020; Li and Elimelech, 2004; Wang et al., 2014). 

EDTA can form a strong complex with divalent cations such as Ca2+ and Mg2+. The 

organic foulants originally associated with divalent cations are replaced by EDTA via a 

ligand exchange reaction forming (Ca–EDTA or Mg-EDTA) complexes, resulting in the 

loss of the gel-layer structure of foulants on membrane surface (Hong and Elimelech, 

1997; Maskooki et al., 2010; Li and Elimelech, 2004 Wang et al., 2014). Also, EDTA 

effectively reduced membrane protein fouling which was induced by divalent cations as 

reported in Kelly and Zydney's study (Kelly and Zydney, 1994), in which proteins are 

considered one of the main EPS constituents which play an essential role in enduring 

their adhesion on the MD membrane. Therefore, EDTA molecules bound divalent cations 

such as Ca2+ or Mg2+, which are ubiquitously present in seawater (Alpatova et al., 2018) 

thereby preventing aggregation and attachment of organic compounds (e.g., proteins, 

polysaccharides, etc.) to the membrane surface leading to reduced biofilm formation 

(Hong and Elimelech, 1997). The other reason that could improve the cleaning efficiency 

of EDTA is solution pH which governs interactions between EDTA and deposited 

foulants (Ang et al., 2006). In acidic conditions (i.e., when pH is low), ETDA molecule is 
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not fully deprotonated and only two of its four carboxylic functional groups are 

deprotonated, resulting in its low cleaning efficiency. However, when EDTA solution is 

adjusted to pH 11 (i.e., high pH, as in the current study), almost all carboxylic functional 

groups of EDTA are deprotonated and available for Ca2+ complexation, hence weakening 

the fouling layer (Ang et al., 2011; Huang 2020; Li and Elimelech, 2004; Maskooki 

2010). This significantly improves EDTA cleaning efficiency as shown in Figures 14 and 

15 with respect to flux improvement and bacterial count reduction. 

4.4 Membrane characterizations before and after cleaning  

4.4.1 Bacterial abundance by FCM 

FCM is an accurate and fast technique that counts bacteria by using fluorescent 

stains and side and forward scatter lights (Van Nevel et al., 2017). In this study, FCM 

was conducted to evaluate the effect of different cleaning methods on bacteria population 

of MD membrane before and after biofilm removal. Following each cleaning protocol, 

the bacterial cells were extracted from the membrane, enumerated by FCM and compared 

to the total number of bacterial cells present on membrane surface before the membrane 

cleaning. As seen in Figure 15, the total number of bacterial cells present on membrane 

surface at the end of 72 h of DCMD process was ∼ 1.59 × 109 cell/cm2. After cleaning, 

the total number of bacterial cells was decreased, however, the extent of this decrease 

depended on the type of cleaning method and cleaning agent. It can be clearly seen from 

Figure 15 that hydraulic cleaning was the least effective in removing bacterial cells from 

the membrane surface. Thus, application of hydraulic cleaning resulted in the highest 

number of residual bacterial cells present on membrane surface (5.35 × 108 cells/cm2) 

corresponding to a removal efficiency of 66%. This was followed by chemical cleaning 
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with citric acid (3.23 × 108 cell/cm2 (removal efficiency of 80%). Concurrently, 

application of NaOCl and EDTA led to a significant reduction of the number of bacterial 

cells present on the membrane surface. As shown in Figure 5, the total number of 

bacterial cells in these experiments was reduced by two orders of magnitude and 

comprised 1.44 × 107 cells/cm2 and 1.77 × 107 cells/cm2 for NaOCl and EDTA, 

respectively (removal efficiency of 98%). The observed trends suggested a good 

correlation between corresponding % of permeate flux recovery and the number of 

bacterial cells remained on the membrane surface after cleaning, emphasizing a profound 

effect of NaOCl and EDTA formulations on the efficiency of DCMD process. Although 

membrane cleaning achieved removal of a significant portion of bacteria present in 

biofilm, the applied cleaning methods did not achieve complete biofilm removal and 

bacterial cells remained on the membrane surface may serve as biofilm anchors thereby 

promoting secondary membrane biofouling. As such, future research is needed to explore 

resistance of biofilms formed on a surface of hydrophobic MD membranes to chemical 

formulations used in membrane cleaning. 
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Figure 15. The bacterial abundance on DCMD membrane surface determined by FCM 
before and after membrane cleaning. The brown bar represents the number of cells 
detected on membrane surface at the end of 72 h DCMD experiment (i.e., condition 
before cleaning); the blue bar represents the effect of physical cleaning, and yellow, red, 
and gray bars represent the effect of chemical cleaning. 

4.4.2 Biofilm monitoring by OCT 

4.4.2.1 Biofilm development  

The characterization of biofilm morphology on the membrane surface can be 

determined by different techniques including OCT. OCT is an in-situ non-invasive 

technique which has been employed in different membrane systems to monitor the 

biofilm structure during continuous operation (Dreszer et al., 2014; Fortunato et al., 2017; 

Wagner et al., 2010; Xi et al., 2006). It was found that OCT technique has been also used 

to evaluate the impact of different cleaning strategies in biofilm removal from the 

membrane surface (Fortunato et al., 2020). In this study, the OCT instrument was 

mounted over the feed side of the DCMD module to investigate the biofilm development 

and removal before and after membrane cleaning. Figure 16 depicts the cross-sectional 

images of the biofilm developed on the membrane surface over 72 h of DCMD process. 

The images were taken every 24 h at a central location on a membrane surface during the 
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DCMD operation. In Figure 16, the membrane and grown biofilm are shown in yellow 

and red colors, respectively. Figure 16a shows a virgin membrane surface before start of 

DCMD experiment and Figures 16b-d show temporal biofilm distribution on the 

membrane surface during 72 h of DCMD process. As seen in Figure 16b, the initial stage 

of biofilm formation was characterized by sporadic occurrence of the mushroom-like 

structures after 24 h of DCMD. This was followed by the increase in biofilm 

accumulation with time, leading to an increase in biofilm thickness which reached ∼177 

μm after 72 h of DCMD (Figures 16c-d). The development of biofilm would lead to the 

blockage of membrane pores, so that the transport of water to the liquid-vapor interface 

would be reduced causing significant flux decline (as seen in Figure 11) (Bhojani et al., 

2018). Indeed, OCT scans allowed to observe a good relation between the extent of 

biofilm formation on the membrane surface and permeate flux decrease over the DCMD 

time. 

 

Figure 16. OCT images depicting different stages of biofilm formation on the membrane 
surface over a 72 h of DCMD. 
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4.4.2.2 Biofilm removal after membrane cleaning 

The OCT was employed in this study to evaluate the impact of different cleaning 

methods in biofilm removal from the membrane surface since this technique provided a 

visual evidence of the biofilm presence on the membrane surface (Dreszer et al., 2014). 

Figure 17 shows OCT images of biofilm before the cleaning (a) and residual biofilms 

present on membrane surface after different treatments (b-e) as well as biofilm percent 

removal as a function of cleaning type (f). As shown in Figures 7b-e, profound changes 

in biofilm structure and thickness were observed when membrane surface was subjected 

to cleaning procedure. However, the extent of such changes was determined by the 

cleaning type, and followed the order of hydraulic cleaning < citric acid cleaning < 

NaOCl cleaning < EDTA cleaning. Consistently with previous observations, physical 

cleaning produced the least reduction of biofilm thickness as compared to chemical 

cleanings (from ∼177 μm to ∼58 μm, a 67% reduction of biofilm thickness), once more 

implying its lower cleaning efficiency. On the other hand, the chemical cleaning agents 

further reduced the biofilm thickness to ∼40 μm, ∼25 μm and ∼17 μm for citric acid, 

NaOCl and EDTA, respectively. This corresponds to 77%, 86% and 90% of biofilm 

cleaning efficiency reductions. The observed results emphasized a direct correlation 

between the biofilm morphology/structure, its bacterial abundance and permeate flux 

recovery after membrane cleaning, in which both EDTA and NaOCl formulations 

showed greater biofilm removal and permeate flux recoveries compared to citric acid and 

hydraulic cleaning.  
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Figure 17. OCT images of biofilm before the cleaning (a) and residual biofilm present on 
MD membrane surface after different cleaning types (b-e) as well as biofilm percent 
removal as a function of cleaning type (f). 

4.4.3 Biofilm EPS matrix characterization 

EPS is one of the essential elements in establishing the biofilm structure and 

properties (Di Martino 2018), in which the EPS is secreted by microorganisms that grow 

and adhere on a membrane surface resulting in biofilm formation (Flemming, 1997). 

Application of membrane cleaning leads to significant changes in biofouling layer 

properties, including EPS properties (Jafari et al., 2020; Sanawar et al., 2018). Therefore, 

the influence of different cleaning strategies on biofilm solubilization was also examined 

in this study by identifying the predominant EPS organic components of the biofilm 

before and after cleaning using FEEM technique (Chen et al., 2003; Linares et al., 2012).  

Figure 18 shows two main regions that can be distinguished in the FEEM plots: 

region I (protein-like substances; Ex = 275 nm - 290 nm, Em = 330 nm - 350 nm) and 

region II (tyrosine-containing proteins; Ex = 240 nm - 250 nm, Em = 330 nm - 360 nm).  

As seen in Figure 18a, the intensity of both peaks in the FEEM plot which corresponded 
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to uncleaned (biofouled) membrane was significantly higher comparing to corresponding 

peak intensities in the FEEM plots of cleaned membranes regardless of the cleaning type 

and cleaning formulation. When comparing membrane cleaning efficiencies with respect 

to protein- and tyrosin-like compounds, the removal of protein-like compounds was 

higher comparing to that of tyrosine-containing proteins for any applied cleaning type. 

Consistently with previous observations, hydraulic cleaning was less efficient in 

removing protein- and tyrosin-like substances from the membrane surface comparing to 

chemical cleaning providing an average reduction of Peaks I and II intensities of 81% and 

58%, respectively. This performance of hydraulic cleaning is due to partially dislodging 

of reversible fouling on the membrane surface upon application of high feed flow rates 

leading to diminishing biofouling layers (Wang et al., 2013). 

Chemical cleaning, on the other hand, was found more effective in removing EPS 

compared to hydraulic cleaning, as illustrated by the FEEM plots in Figures 8c-e. 

Although slight changes in reduction were observed after cleaning with citric acid in both 

peaks (I and II), by 84% and 59%, respectively compared to physical cleaning (Figure 

5c), a significant reduction was observed in the average peak intensity of both peaks after 

cleaning with NaOCl and EDTA. Figures 5d and e display the effect of NaOCl and 

EDTA cleaning agents against protein-like substances, which content was significantly 

reduced by 94% while the average peak intensity for tyrosine-like substances was 

reduced by 69% using NaOCl and 71% using EDTA compared to the uncleaned 

membrane. In other words, EDTA and NaOCl cleaning agents acted as a protein 

denaturant and resulted in a significant reduction in the intensity of protein-like 

substances. As such, they maximized the biofilm removal which may be attributed to: (i) 
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the ability of NaOCl to oxidize amino acids which are present in proteins, namely the 

sulfide bridges or sulfhydryl groups, leading to enhance protein solubilization (Gomes et 

al., 2016; Pattison et al., 2007); (ii) the capability of EDTA to interact with metal ions 

such as Ca2+, which was attributed to enhanced protein deposition on the membrane 

surface, causing a reduction in complexed organic fouling (Kelly and Zydney, 1994). 

 

Figure 18. FEEM plots of EPS extracted from the biofouled membrane (a) and after each 
cleaning (b - e). The plots show the presence of (I) protein-like substances and (II) 
tyrosine-containing proteins. 
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Chapter 5 
 
5.1 Conclusions 

This study explored efficiency of different cleaning strategies in biofilm elimination from 

hydrophobic MD membrane during DCMD process. The cleaning methods tested in this 

study comprised physical (hydraulic) cleaning and chemical cleaning with a range of 

different chemical formulations (3% citric acid, 0.3% NaOCl and 0.3% EDTA).  

The major findings drawn from this study are summarized below: 

 Biofilm formation on the membrane surface negatively affected permeate flux at 

both tested feedwater temperatures of 55 oC and 67 oC.  

 A noticeable correlation between the thickness of biofilm developed on the 

membrane surface and permeate flux decline was observed over the DCMD time. 

 The membrane cleaning efficiency strongly depended on a type of cleaning 

method with chemical cleaning being more effective in biofilm removal from the 

membrane surface as compared to physical cleaning.  

 Among three tested cleaning formulations, 0.3% EDTA exhibited the best 

cleaning performance resulting in the highest permeate flux recovery (93%), 

followed by NaOCl (89%) and citric acid (76%) cleanings. 

 According to OCT observations, the extent of biofilm thickness reduction was 

determined by the membrane cleaning type and followed the order of physical 

(hydraulic) cleaning (67%) < 3% citric acid cleaning (77%) < 0.3% NaOCl 

cleaning (86%) < 0.3% EDTA cleaning (90%).  

 The 0.3% EDTA and 0.3% NaOCl solutions were equally effective in reducing 

bacterial abundance on MD membrane surface by 98%. 
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 Similarly, application of these cleaning formulations allowed to reduce the 

average peak intensity which corresponded to protein-like substances by 94%, 

while the average peak intensities corresponded to tyrosine-like proteins were 

reduced by 69% and 71% using 0.3% NaOCl and 0.3% EDTA, respectively, as 

compared to the uncleaned membrane. 

 The biofilm formation on the membrane surface facilitated passage of dissolved 

contaminants and bacterial cells through the membrane into the distillate due to 

partial pore wetting that reduced membrane’s hydrophobicity. 

 The observed results emphasized a direct correlation between the biofilm 

morphology/structure, its bacterial and EPS abundance and permeate flux 

recovery after membrane cleaning, in which 0.3% EDTA and 0.3% NaOCl 

formulations showed better biofilm removal and permeate flux recoveries 

compared to 3% citric acid and hydraulic cleanings. 
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5.2  Recommendations for future work 

This study opens up several potential directions that can be undertaken for further 

research. This includes: 

 Exploring effect of cleaning agent concentration and operating conditions (e.g., 

cleaning temperature or flow velocity). 

 Exploring effect of combined physical and chemical cleanings on biofilm 

removal, in which application of physical cleaning is expected to partially 

dislodge the reversible fouling on the membrane surface while chemical cleaning 

agents would improve removal of the irreversible fouling. 

 Exploring effect of enzymatic cleaners in biofouling removal since enzymes are 

considered environmentally friendly natural products thereby reducing a needed 

for chemical cleaners.  

 Conducting microbial community analysis to determine microorganisms which 

are resistant against different chemical cleaning agents. 

 Investigating different cleaning methods in biofilm removal on a surface of 

hydrophobic MD membrane fouled by brines from different desalination 

processes (RO, MSF, MED).  
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